To improve the light-scattering capacity of transparent conductive oxide (TCO) films without increasing in surface roughness, we formed a stacked nanoparticle layers of ZnO (NP-ZnO) and TiO 2 (NP-TiO 2 ), which serve as light-scattering and surface-modifying layers, respectively, between the glass substrate and low-resistive TCO layers. The stacked TCO/NP/glass (NP-TCO) substrate indicated strong light-scattering capacity, with a relatively low surface root mean roughness of approximately 10 nm. In addition, the haze value of NP-TCO substrates increased with an increase in the component particle diameter of the underlying NP-ZnO layers from about 20% (33 nm) to 40% (96 nm) at a wavelength of 550 nm.
Introduction
Transparent conductive oxide (TCO) thin films formed from indium oxide (In 2 O 3 ), tin oxide (SnO 2 ), and zinc oxide (ZnO) have been used for transparent electrodes of Si-based thin film solar cells made from hydrogenated amorphous Si (a-Si:H) and hydrogenated microcrystalline Si (µc-Si:H). 13) To maximize incident light absorption within the Si thin films, a sufficiently thick Si layer is required. However, poor carrier diffusion properties of Si thin films prohibit the use of thick Si layers for thin film solar cells. Generally, to solve this problem, a textured morphology has been formed on TCO film surfaces. 46) This textured morphology scatters the incident light and traps it into the solar cells, increasing total light absorption within the Si layer. Many types of textured morphologies have been formed on TCO film surfaces, using a variety of methods. 715) In general, the light-scattering capacity of textured TCO films is improved by increasing either the size or the aspect ratio of the textured morphology. 16) However, a highly textured morphology is well known to produce some defects within the Si layer. These defects are formed within Si thin films fabricated on a steep valleys of textured morphology due to insufficient diffusion of Si ad-atoms and/or collisions with crystal grains, resulting in a reduction of some solar cell performance parameters such as open-circuit voltage and fill factor.
1719) Further performance improvements of Si thin film solar cells require a method that enables light scattering without the formation of defects within the Si layer.
In this study, to improve the light-trapping capacity in Si thin films, without increasing the surface roughness of TCO substrates, we formed a stacked nanoparticle (NP) layer between the glass substrate and TCO layers, as shown in Fig. 1 . The stacked TCO/NP/glass (NP-TCO) substrate was composed of three major parts, the large-sized NP layer (bottom), the small-sized NP layer (middle), and TCO layer (top), which served as light-scattering, surface modification, and low-resistive layers, respectively. When light passes into the NP layer, it is scattered by the NPs. The light-scattering capacity of the NP layer is therefore determined by not only their surface roughness but also the light-scattering capacity of the NPs composing this layer. In addition, if the lightscattering capacity of within the NP layer is much higher than the surface roughness, obtaining a highly light-scattering substrate with a smooth surface morphology by surface modification is possible. Therefore, we formed NP-TCO substrates with a small-sized NP layer on light-scattering NP layers with different NP diameters, and examined their surface morphology, roughness, and light-scattering capacity.
Experimental Details

Fabrication method of NP-TCO substrates
The NP layers was first fabricated on the glass substrate (Eagle XG, Corning). In this study, to fabricate the lightscattering and surface modification layers of NP-TCO substrates, two types NP ZnO (NP-ZnO) and NP TiO 2 (NPTiO 2 ) pastes were used. The ZnO paste was predominantly prepared from approximately 30 nm sized (primary) nanocrystalline-ZnO (Sumitomo Osaka Cement Co., Ltd.) and 2-butanol, which served as the dispersion solvent. The ZnO paste was mixed 33 mass% in 2-butanol (65 mass%), with a dispersant of acetylacetone (2 mass%), and sonicated at 350 W for 1 h to obtain colloidal solutions by an ultrasonic horn (Qsonica Q500, WAKEN B TECH Co., Ltd.). All NPZnO layers were coated by spin-coating method at 2000 rpm and then dried for 10 min at 70°C in air condition. In addition, to obtain different-sized NP-ZnO by neckingeffects, 20) NP-ZnO layers were heated for 1 h at temperatures of 450°C, 500°C, 550°C, 600°C, and 650°C in an electric furnace (HPM-OG, AS ONE Co.), respectively. After the formation of the light-scattering layer, the NP-TiO 2 layer was fabricated onto NP-ZnO layers by the squeegee method. The NP-TiO 2 paste (PST-18NR, JGC C&C Ltd.) was predominantly prepared from approximately 18 nm sized (primary) anatase-type nanocrystalline-TiO 2 . Stacked NP layers were then dried for 10 min at 70°C in air, after which they were heated for 1 h at 450°C in an electric furnace.
Al-doped zinc oxide (AZO) films were subsequently prepared on stacked NP layers as a low-resistivity layer using the radio frequency magnetron sputtering method, with a ceramic ZnO : Al 2 O 3 (99 : 1 mass%, 71 mm diameter) target. During deposition, the distance between the AZO target and the substrate was maintained at 75 mm. The deposition chamber pressure was reduced to less than 7.0 © 10 ¹4 Pa prior to the deposition using a rotary and turbo molecular pumps. The deposition power, pressure, and the substrate heating temperature were maintained at 150 W, 0.5 Pa, and 400°C, respectively. However, due to the high internal stress, 21) the AZO film deposited films easily peeled off from the underlying NP layer after few days. To improve the contact between the AZO and NP layers, we formed a 10 nm-thick low-stressed indium tin oxide (ITO; Sn-doped 10 mass%) film between the NP layers and the AZO film as a buffer layer, 22) as shown in Fig. 1 .
Measurement methods
Scanning electron microscopy (SEM; S-4800, HITACHI Ltd.) was used to examine the surface morphology and thickness of all layers. In addition, the particle diameter of the NP layers heated at different temperatures was estimated from those of surface SEM images. The root-mean-square (RMS) roughness of the NP layer and TCO film surface was measured by atomic force microscopy (AFM; SPA400, HITACHI Ltd.). The optical characterization of the NP layers and TCO films was performed by a dual-beam ultravioletvisible spectrophotometer (V-670, JASCO Co.) equipped with an integrating sphere, in a 2502500 nm wavelength range. We measured the total transmittance (T tot ) and diffuse transmittance (T diff ) of all NP layers and TCO films. In this study, the NP layers were composed of NPs and air. Thus, the refractive index of the NP layers (n NP ) was lower than that of the bulk layers (n bulk ), and its value was determined by the volume fraction (x) of NPs in the NP layer. 23, 24) We therefore calculated the refractive index of the NP layers from the optical interference between the single NP layer and the glass substrate in the low light-scattering wavelength rage of 1000 1500 nm using the equation as follows:
where, d NP is the thickness of the NP layer estimated from the cross-sectional SEM image, and 1 and 2 are the wavelengths of the adjacent maximum transmittance. The NP layer volume fractions were determined from the ratio of the refractive index of air (n air approximately 1.0) and the bulk ZnO and TiO 2 . 25, 26) We subsequently estimated the refractive index at a wavelength of 600 nm using the equation as follows:
As a measure of the light-scattering capacity, the transmittance haze values for all samples were calculated by the equation as follows:
The resistivity of the TCO films deposited on the NP layers was determined by the van der Pauw four-probe method.
Results and Discussions
Property of stacked NP-TCO substrate
The NP layers and the stacked NP-TCO substrates had good transparency and were milky white in color owing to their strong light-scattering capacities. Figure 2 (a)(c) shows surface SEM images of all layers of the stacked NP-TCO substrate. Images are labeled with the corresponding RMS roughness of their surface. In addition, a cross-sectional SEM image of the stacked NP-TCO substrate is shown in Fig. 2(d) . In this figure, all NP layers were sintered at 450°C with layer thicknesses of approximately 1000 nm (AZO), 2400 nm (NP-TiO 2 ), and 2000 nm (NP-ZnO). The sheet resistance of the NP-TCO substrate was approximately 10 ³/sq. Based on the surface SEM images, the NP-ZnO layer had a rough surface morphology, with a relatively high RMS roughness of 32 nm, and was composed of relatively large NPs with a mean diameter of approximately 33 nm. After the coating of the NP-TiO 2 layer, the NP-ZnO layer was covered by small-sized TiO 2 particles (diameter: approximately 18 nm), and indicated relatively low RMS roughness of approximately 10 nm. After the deposition of the TCO films, as a consequence of the crystal growing of the AZO film, NP-TCO substrate had a small textured morphology with a grain size of approximately 100 nm, and a slightly increased RMS roughness of 11 nm. However, the observed RMS value is much lower than the light-scattering textured TCO films fabricated by alternate methods, and the TCO films directly deposited on the NP-ZnO layers (RMS: approximately 22 nm, not shown). This result indicates that a small particle intermediate layer is a useful surface modification for the NP-TCO substrate. Figure 3 shows the total transmittance and the diffuse transmittance of the NP-TCO substrate at each fabrication step with those of the TCO films directly deposited on the NP-ZnO layer is shown as a reference. In this figure, solid and broken lines indicate the total transmittance and diffuse transmittance, respectively. The NP-ZnO layer shows high transparency of approximately 90% and relatively high lightscattering capacity in the visible wavelength. In addition, from the optical interference of single layers, the refractive indexes of the NP-ZnO and NP-TiO 2 layers were approx-imately 1.55 and 1.70, at a wavelength of 600 nm, with the corresponding volume fractions of these NP layers of approximately 0.55 and 0.5, respectively. These results indicate that a substantial amount of void space exists within the NP layers. After coating NP-TiO 2 on the NP-ZnO layer, the transmittance of the stacked NP-TiO 2 /NP-ZnO layer decreased slightly, approximately 3%, in all wavelength ranges, as the NP-TiO 2 layer had a higher refractive index than the NP-ZnO layer. On the other hand, the light-scattering capacity of the stacked NP-TiO 2 /NP-ZnO layer was almost identical to the NP-ZnO layer, regardless of its low RMS value. This result indicates that the light-scattering capacity of the NP-ZnO layer was predominantly determined by the light-scattering capacity of the NPs within this layer. After the TCO deposition, the NP-TCO substrate exhibited good transparency (approximately 80%) in the visible to nearinfrared wavelength range, with a high light-scattering capacity. Moreover, the transmittance of the stacked NP-TCO substrate was slightly higher than that of the directly coated TCO/NP-ZnO substrate in the visible wavelength range. Thus, the NP-TiO 2 layer works as an antireflective layer in this substrate, as NP-TiO 2 layer had an intermediate refractive index between the NP-ZnO layer and the AZO thin film (n: approximately 1.9).
3.2 NP-TCO substrate with differing particle size lightscattering layers The light-scattering capacity of NPs is well known to be primarily determined by the particle diameter. 27, 28) Thus, to further improve the light-scattering capacity, we fabricated the NP-TCO substrates by the necking-effects, with differentsized underlying NP layers. Figure 4 shows surface SEM images of the underlying NP-ZnO layers sintered at varying temperatures, i.e., 450°C, 500°C, 550°C, 600°C, and 650°C, respectively. The initial NP-ZnO layer sintered at 450°C was composed of relatively small particles. However, the particle diameter of the NP-ZnO layers increased with an increase in their sintering temperature. Figure 5 shows the particle diameter of the NP-ZnO layers estimated from those of surface SEM images at different sintering temperatures. The particle diameter of the NP-ZnO layers increased with the sintering temperature. Consequently, the mean diameter of ZnO particles increased from approximately 33 nm (450°C) to 96 nm (650°C). Figure 6 shows the RMS roughness of the NP-TCO substrates and those of underlying NP-ZnO sintered at different temperatures. In addition, the RMS roughness of the TCO films directly deposited on the NP-TiO 2 layer (approximately 7 nm) is shown as a reference. The NP-ZnO layers had relatively high RMS roughness (approximately 30 nm), which gradually increased with increasing of ZnO particle diameter. However, the RMS roughness of the NPZnO layer sintered at elevated temperatures was comparatively not high, regardless of the significantly increases in t particle size. We considered this a consequence of the composition of the NP-ZnO layers. The NP-ZnO layers sintered at high temperatures were composed of differentsized NPs, with their size dispersion also significantly increasing. Therefore, small particles in the NP-ZnO layers filled voids among the large ZnO particles, suppressing any increases in the surface roughness. This result clearly indicates that a small-sized NP effectively reduce the surface roughness of the NP layer. After the fabrication of the NPTiO 2 layer and TCO thin films, all NP-TCO substrates exhibited homogeneous and smooth surface morphologies. Consequently, the RMS roughness significantly decreased to approximately 10 nm, regardless of the particle size composition of the NP-ZnO layers. Furthermore, these RMS values were equivalent to the TCO films directly deposited on the NP-TiO 2 layer. This result indicates that the RMS roughness of the NP-TCO substrates is predominantly determined by the roughness of the NP-TiO 2 layer. This implies that fabricating a NP-TCO substrate with lower RMS roughness using small-sized NP layer is possible. The haze value of the NP-TCO substrates composed by different-sized underlying NP-ZnO layers in the wavelength rage of 4001200 nm is shown in Fig. 7(a) . In this figure, the symbol and the broken line indicate the haze value of the NP-TCO substrates and the underlying NP-ZnO layers, respectively, at differing sintering temperatures. In addition, the haze value of a widely used textured Asahi VU-type F-doped SnO 2 (Asahi-VU; ASAHI Glass Co., Ltd.) substrate is shown as a reference. Due to its textured surface morphology (RMS: approximately 30 nm), the Asahi-VU substrate had a relatively high haze value of approximately 15% at 550 nm wavelength. On the other hand, the NP-TCO substrates indicated much higher light-scattering capacity than textured Asahi-VU in the visible wavelength, regardless of their relatively low RMS roughness. In addition, due to increases in the particle size of the underlying NP-ZnO layer, the haze value of the NP-TCO substrates significantly improved with the increase in the sintering temperature. Moreover, the haze value of the NP-TCO substrate highly corresponded with those of the underlying NP-ZnO layers. This result indicates that the light-scattering capacity of the NP-TCO substrate was predominantly determined by that of the underlying NP-
1 μm 1 μm ZnO layers. Figure 7 (b) shows the haze value of the NP-TCO substrates at a wavelength of 550 nm as a function of the mean particle diameter of the underlying NP-ZnO layer. A haze value of approximately 20% was obtained from the NP-TCO substrate with a 33 nm-sized NP-ZnO layer. The haze value of the NP-TCO substrates gradually increased with that of the underlying NP-ZnO layer particle diameter. Consequently, a NP-TCO substrate with a very high haze value of approximately 40% was obtained by using a 96 nm-sized underlying NP-ZnO layer, without increasing the surface roughness. This result suggests that the further improvement of the light-scattering capacity of the NP-TCO substrate could be obtained by using a larger sized (>96 nm) underlying NP-ZnO layer.
Conclusion
To improve the efficiency of thin film Si solar cells, we formed different-sized stacked NP layers between a glass substrate and low-resistivity TCO thin films as a lightscattering and a surface modification layer. In this study, the NP-ZnO and NP-TiO 2 layers were used as light-scattering and surface modification layers, respectively. After the TCO films deposition, the stacked NP-TCO substrates exhibited high light-scattering capacity with a low RMS roughness of approximately 10 nm. In addition, the haze value of the NP-TCO substrates was predominantly determined by the particle size of the underlying NP-ZnO layer, which increased from 20% (33 nm) to 40% (96 nm) without an increase in the surface roughness. These results indicate that incorporating NP layers in the TCO substrate is a very effective method of improving the light-scattering capacity of TCO substrate without increasing the surface roughness. 
